We recently found a spontaneous tremor mutant in an outbred colony of Sprague-Dawley rats. The tremor behavior was exhibited from around 3 weeks of age and inherited as an autosomal recessive trait. The mutant rats had variously sized vacuoles in the neuropil and white matter throughout the central nervous system, especially in the brain stem, cerebellum, and spinal cord. Ultrastructurally these vacuoles mainly consisted of splitting of myelin lamella both in the periaxonal and intermyelinic spaces. Linkage analysis using intercross progeny between the myelin vacuolation (mv) rat, named after the pathologic characteristics, and normal control rat strains showed that the mv phenotypes were cosegregated with polymorphic markers adjacent to the Atrn (Attractin, formerly zi [zitter]) locus on rat chromosome 3. A test for allelism suggested that the mv mutation was a new allele in Atrn. In comparison with a marked decrease of Atrn zi /Arn zi , Northern blot analysis revealed no expression of Atrn mRNA in the brain of the mv rats. Finally, a genomic deletion including exon 1 of the mv rats was detected by genomic and sequence analyses. Discovery of the rat null mutation Atrn mv , different from Atrn zi , provides a new animal model for studying the functions of the attractin protein. (Lab Invest 2002, 82:1279 -1286.
T he human ATRN is a glycoprotein consisting of two isoforms, membrane-type (200 kDa) and secreted-type (175 kDa) as a result of alternative splicing (Duke-Cohan et al, 1998; Gunn et al, 1999; Nagle et al, 1999; Tang et al, 2000) . The identification and function of the ATRN have been investigated from immunologic aspects in a secreted form. Initially, ATRN was thought to be a soluble form of the T-cell antigen CD26; however, it has no sequence similarity to CD26. The human ATRN has an enzymatic activity resembling dipeptidyl peptidase IV, a serine type protease with modulatory activity on a number of chemokines, neuropeptides, and peptide hormone. The protein is considered to mediate an interaction between activated T cells and macrophages (DukeCohan et al, 1995 (DukeCohan et al, , 1998 (DukeCohan et al, , 2000 .
The extracellular region of ATRN contains a CUB domain, three EGF domains, four Plexin domains, and two laminin-type EGF domains. This constitution suggests potential roles in cell adhesion, cell-cell interactions, or signaling He et al, 2001) .
In mice, only membrane-type ATRN has been noticed; mutation in the membrane-type ATRN has been identified in coat color mutant mahogany (mg) mice Lane and Green, 1960; Nagle et al, 1999) . The mg mice display a darkened coat color that is agouti dependent Miller et al, 1997) . The mechanism by which mahogany modifies agouti has been studied, and it has been indicated that interaction between the ATRN and agouti proteins must be required for signaling through a melanocortin receptor, Mc1r ). Interestingly, increased basal metabolic rate in mahogany mice suggested involvement of the ATRN, and its function was considered to work though an agouti-independent pathway (Dinulescu et al, 1998; He et al, 2001; Nagle et al, 1999) , although suppression of A y -induced obesity is specific to an interaction between agouti protein and ATRN.
Mutation in the Atrn has been also identified in the zitter (zi) mutant rat, which is pathologically characterized by tremor behavior, hypomyelination, and vacuolation in the central nervous system (CNS) (Kuramoto et al, 1994 (Kuramoto et al, , 2001 . Furthermore, it has been reported that mg mice also had hypomyelination and vacuolation in the CNS, and a slight body tremor after weaning was confirmed by electromyogram analysis. Transgenic rescue experiments indicated that the membrane-type ATRN plays a critical role in normal myelination in the CNS (Kuramoto et al, 2001) . The extent of the defects including pathologic findings was dependent on the type of the mutations, Atrn mg-3J , Atrn mg , and Atrn mg-L ). As described above, the ATRN plays multiple roles in regulating physiologic processes such as monocyte-T cell interaction, agouti-related hair pigmentation, energy homeostasis, and myelination.
Recently, the fourth mutation (Atrn mg-6J ) in the mouse (Bronson et al, 2001 ) and the first mutation in the Syrian hamster (Atrn bt ) have been reported (Kuramoto et al, 2002) . We found a spontaneous mutant rat with tremor behavior in a colony of Sprague-Dawley rats and herein describe the neuropathologic, genetic, and molecular biologic results. This study guided us to the discovery of the null mutation of the Atrn locus in the rat.
Results

Clinical Behavior
The homozygous rats (mv/mv rats) started to show tremor behavior around 3 weeks of age, whereas the heterozygous rats exhibited no behavioral anomaly. The tremor was revealed more clearly when external stimuli such as auditory or touch were given and when the rats started to move. Hind body trembling was observed after 4 weeks of age when walking. After 2 months of age, some rats occasionally showed syncopal convulsion to the external stimuli with duration of about 1 minute. These signs progressed with advancing age, and most rats survived at least to 25 weeks of age.
Neuropathology
In mv rats (mv/mv), variously sized vacuoles were observed in the neuropil and white matter throughout the CNS; in particular, prominent vacuolization was found in the thalamus, midbrain (Fig. 1A) , cerebellar nuclei, medulla oblongata, and spinal cord. The vacuoles were also observed in the cerebral cortex, putamen, hippocampus, and cerebellum (Fig. 1B) to a lesser extent. At 2 and 3 weeks of age, vacuoles were mainly observed in the brain stem. Severity and extent of anatomical distribution of vacuolization progressed with advancing age. Large vacuoles found in 10-and 25-week-old mv rats often contained eosinophilic granular materials, so-called "spheroids" (Fig. 1C) .
The Luxol fast blue staining pattern was weaker in the vacuolated areas of mv rats as compared with that in control rats. Myelin basic protein (MBP) immunohistochemistry clearly demonstrated weakened reactivity in the areas with vacuolization (Fig. 2) . Immunohistochemistry for glial fibrillary acidic protein revealed enhanced reactivity in the vacuolated areas, indicating the presence of many hypertrophic astrocytes (Fig. 3) .
Ultrastructurally, these vacuoles were present in the periaxonal and intermyelinic spaces, consisting mainly of splitting of myelin lamella (Fig. 4A) . Occasionally, vacuolated myelin contained a dystrophic axon with aggregation of dense bodies and granulated materials (Fig. 4B) . Aberrant myelination, consisting of a bundle of myelin lamella surrounding two or three axons, was found in the white matter of mv rats (Fig. 4C) .
At 4 weeks of age, the density of myelinated fibers in the thoracic spinal cord was apparently decreased in mv rats in comparison with that of controls (Fig. 5, A and B) . Myelin thickness in mv rats was significantly lower than in controls (Fig. 5C ), whereas mean axonal area, perimeter, and diameter were significantly greater in mv rats than in controls (Fig. 5C ). These results indicated that mv rats had thin myelin and relatively thick axons (Table 1) . No apparent abnormality was found in the dorsal and lateral roots and in the sciatic nerves.
Genetic Analysis
Preliminary linkage analysis was conducted with 13 backcross progenies from (F344 ϫ mv/ϩ)F 1 (mv/ϩ) ϫ mv/ϩ using 54 simple sequence length polymorphism (SSLP) markers randomly selected from chromosomes 1 to 20. The mutant phenotypes were cosegregated exclusively with the markers (D3Rat20, D3Rat219, D3Rat258, D3M2Mit257) adjacent to the zi (Atrn) locus on rat chromosome 3, which suggested a
Figure 1.
Vacuolization in the central nervous system of the mv rat. Variously sized vacuoles were observed in the midbrain (A), cerebellum (B), and cerebral cortex (C). Note vacuoles containing eosinophilic granular materials (C, arrows); hematoxylin and eosin. Original magnifications: A and B, ϫ100; C, ϫ200.
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close relationship between mv and zi mutations (data not shown).
Further analysis was conducted with 92 intercross progeny using SSLP markers adjacent to the Atrn locus. Additional haplotype analysis in the mv/mv homozygotes revealed that the mv locus is mapped between the D3Mit13 and D3M2Mit257 and there is no recombination with the Pdyn marker (Fig. 6 ). To confirm the relationship between the mv and Atrn loci, we crossed male mv/ϩ rats, whose genotypes were proven from previous breeding record, with Atrn zi / Atrn ϩ rats. Of 16 offspring, 2 rats (12.5%) showed the indistinguishable tremor behavior and pathologic changes in the CNS, as found in mv/mv or Atrn zi /Atrn zi rats. In the intercross progeny prepared to examine the effects of mv mutation in pigmentation, rats with a more darkened coat color in the dorsal area, so-called mahogany color, were obtained ( Fig. 7) .
No Expression of Atrn in mv/mv Rats
Expression of the Atrn gene was analyzed in the brain of the affected rats (mv/mv) and normal control rats by Northern blot hybridization (Fig. 8) . When we used a probe corresponding to exons 7 to 9 that would detect both membrane-and secreted-type Atrn transcript, neither transcript was observed in the affected rats.
Mutation of Atrn in mv Rats
Because no Atrn transcripts were detected in mv/mv rats, it was predicted that mv rats carried a mutation involving exon 1 of Atrn. Nucleotide sequences of a 5'-noncoding region spanning 3754 bp, an intronic sequence after exon 1 spanning 2567 bp, and an intronic sequence preceding exon 2 spanning 2347 bp were determined (GenBank accession numbers AB069686, AB069687). The length of intron 1 was not determined because it was too long to be amplified by PCR. A DNA fragment derived from intron 1 (Fig. 9A ) did not detect any bands in Southern blot analysis of mv/mv rats (Fig. 9B) . To estimate the lacking genomic region, we developed four sequence tagged site markers and conducted sequence tagged site-content mapping using the wild-type and mv/mv genomic DNAs as templates. One of the breakpoints for the deletion in the genome of mv/mv rats was located between positions Ϫ719 (3' end of primer "a" in Fig.  9A ) and Ϫ632 (5' end of primer "b" in Fig. 9A ) (Fig. 9C ).
Other breakpoints could not be determined because the entire sequence of intron 1 could not be obtained. However, it was revealed that an ‫-6.3ف‬kb genomic region that included the 630-bp 5'-noncoding region and the entire exon 1 was deleted in mv rats.
Discussion
We found a mutant rat with tremor behavior that is pathologically characterized by vacuole formation in the CNS, consisting mainly of splitting of the myelin lamella. This mutant rat was designated as mv (myelin vacuolation) because of its pathologic characteristics. Clinical signs and pathologic findings in the mv rats were very similar to those seen in the Atrn zi /Atrn zi (zitter) rats. The zitter rats revealed a marked decrease in Atrn mRNA in the brain, and an 8-bp deletion at a splice donor site of Atrn was discovered, which was expected to result in aberrant and unstable transcripts (Kuramoto et al, 2001 ). On the other hand, no expressions of either isoform of the Atrn transcripts was found in the mv/mv rats, and an ‫-6.3ف‬kb genomic region that included the 630-bp 5'-upstream region and the entire exon 1 was deleted in the rats. Northern blot analysis of mg mice revealed the Atrn mg-3J mutant has no detectable Atrn transcript, whereas Atrn mg and Atrn mg-L mutants have a small amount of normal sized transcript and more abundant aberrant isoforms Nagle et al, 1999) . Compared with the severity of vacuolization in the CNS among three different Atrn mutant alleles, it has been reported that Atrn mg-3J homozygotes showed most the severe lesions and Atrn mg-L homozygotes the least ). This observation suggested that the severity of vacuolization correlates with the expressed levels of Atrn mRNA and indicated Atrn mRNA was found widely distributed throughout the CNS; a very high level of expression was observed in the olfactory system, some limbic structures, brain stem, cerebellum, and spinal cord in rats (Lu et al, 1999) . Severe vacuolization was found in the brain stem, cerebellum, and spinal cord, whereas less mild lesions were observed in the olfactory system and hippocampus in both the rat mutants Atrn mv /Atrn mv and Atrn zi /Atrn zi (Kondo et al, 1991a (Kondo et al, , 1991b (Kondo et al, , 1992 . Although the Atrn mRNA expression pattern and the severity of vacuolization are roughly matched, some differences existed in particular regions of the CNS. Thus, in animals with dysfunction of ATRN, the precise mechanism resulting in the vacuolation in the CNS remains to be elucidated.
Besides hypomyelination and aberrant myelination, Atrn zi /Atrn zi rats have abnormal membranous structures associated with oligodendroglial nuclear membrane and aberrant myelin sheaths in the CNS and peripheral nerves (Kondo et al, 1993 (Kondo et al, , 1995 . Such membranous abnormalities were also found in mitochondria, in cisternae of rough endoplasmic reticulum, and in lysosomes. These findings in Atrn zi /Atrn zi rats suggested that functional abnormalities in membrane biosynthesis, including the myelin sheaths and nuclear membranes in oligodendrocytes, were closely related to the hypomyelination. Therefore, it remains to be elucidated whether dysfunction in ATRN primarily targets the axons, myelin, or membrane biosynthesis.
Recently, a new mice mutant in Atrn allele, Atrn mg-6J , was found in a stock of Mus castaneus mice and showed sprawling gait, tremors, and severe vacuolization in the CNS in addition to the mahogany coat color (Bronson et al, 2001 ). Vacuoles in the Atrn mv / Atrn mv rats were exclusively found in the myelin lamella as seen in Atrn zi /Atrn zi rats, whereas those in the Atrn mg-6J /Atrn mg-6J mice were identified in axons, dendrites, and neuronal soma. As for the extent of defects in the two mutations, it is recommended to compare the effects of the mutant alleles with the same genetic background, as examined in three congenic mice, C3H/HeJ-Atrn mg , Atrn mg-L , and Atrn mg-3J ). Certainly, the sprawling of CAST/ Ei-Atrn mg-6J /Atrn mg-6J was not observed in C3H/SnJAtrn mg-6J /Atrn mg-6J (Bronson et al, 2001) , and the extent of mutant phenotypes was more prominent when we developed congenic rat strains WTC-Atrn zi / Atrn zi from the original zitter rat (Kuramoto et al, 1998) . Morphometric analysis in cross-sectioned ventral areas of thoracic spinal cord in mv (A) and control (B) rats. Density of myelinated fibers was decreased in the mv rat. C, Myelin thickness in mv rat was significantly lower than in controls, whereas axonal diameter in mv rat was greater than in controls.
Original magnifications: A and B, ϫ2500. 
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Therefore, the syncopal convulsion observed in the original Atrn mv /Atrn mv rats has to be reevaluated under a different background.
Mg mice were originally recognized as a modifier of agouti coat color; homozygotes for Atrn mg produce mostly eumelanin, although nonmutant mice have hairs with a subapical band of pheomelanin on an eumelanic background (Lane and Green, 1960; Miller et al, 1997) . We also demonstrated a darker coat color in nonalbino agouti rats homozygous for the Atrn mv allele than in agouti rats without the mutant allele, as shown in the Atrn zi mutation (Kuramoto et al, 2001 ).
In conclusion, a novel mv mutant rat is characterized by tremor behaviors and has severe vacuolation in the CNS. The present study demonstrates defective expression of Atrn mRNA and a possible large deletion in exon 1 of Atrn. Therefore, Atrn mv mutation may act as a useful animal model to clarify mechanisms of ATRN function in addition to zitter rats and mahogany mice.
Materials and Methods
Animals
The mv rats were discovered in the Sprague-Dawley rats maintained in the Osaka Prefecture University. We have mated heterozygous females (mv/ϩ) with heterozygous males (mv/ϩ) and obtained the affected and control rats used in these studies. The parents were recorded to be heterozygous for the causative mutant gene, when affected rats were obtained in the offspring. All rats were maintained under 20 Ϯ 5°C conditions with a 12-hour light-dark cycle, a commercial diet MF (Oriental Yeast, Tokyo, Japan), and water ad libitum. Rats were handled according to the Guidelines for Animal Experimentation, Osaka Prefecture University. Color coat effect of mv mutation. mv/mv rat (center) showed more darkened coat color than agouti rat without mv allele (left). The right rat was nonagouti control. 
Histopathology and Immunohistochemistry
Rats were killed under ether anesthesia at 1, 2, 3, 4, 10, and 25 weeks of age. At least four affected mutant and control rats each were examined at each point. Brains and spinal cords were removed and fixed with 10% neutral buffered formalin and embedded in paraffin. Paraffin sections were cut at 4 m and stained with hematoxylin and eosin and Luxol fast blue stain for myelin.
For the detection of MBP and glial fibrillary acidic protein (GFAP), immunohistochemistry was applied to the paraffin sections of brains and spinal cords with an avidin-biotin peroxidase kit (Vectastain, Burlingame, California) . Primary antibodies used were rabbit polyclonal antibodies against GFAP (Dako, Glostrup, Denmark; 1:1000) and MBP (Dako; prediluted). 3,3'-diaminobenzidine tetrahydrochloride (Dojindo, Osaka, Japan) was used for visualization.
Electron Microscopy and Morphometric Analysis
Perfusion fixation through the left ventricle was performed with 4% paraformaldehyde in 0.1 M phosphate buffer. Removed brains and spinal cords were stored in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PB and postfixed with 2% osmic acid for 2 hours and embedded in Epoxy resin. Ultrathin sections were double stained with uranyl acetate and lead citrate and examined in a Hitachi H-7500 electron microscopy (Hitachi, Tokyo, Japan).
Morphometric analysis was performed on the myelinated fibers from the anterior funiculus of the thoracic spinal cord. Several fields in the transverse sections were photographed at a magnification of ϫ2500. Photo figures were digitized, and 100 myelinated fibers were analyzed by computer-aided morphometric system (Mac Scope; Mitani Corporation, Fukui, Japan). Axonal areas and perimeters were (a, GGAGCACTCTCAGCCTTACA; b, GCAGGCCAGGTCTATGTGTA; c, GTCCAAAAAGCTGCCTAATG; d, CCCAGCGAACACATACACAC) as the antisense primers. Molecular size markers are X174-HaeIII. Primer a generated a PCR product of the expected size from mv/mv rats, whereas primers b, c, and d generated no PCR products from mv/mv rats. measured along the inner border of the myelin sheath, and nerve fiber areas and perimeters were measured along the outer border. Axonal and nerve fiber diameters and myelin thickness were calculated from the obtained data.
Genetic Analysis
We mated a male heterozygous for the mv mutation (mv/ϩ) with several females of the F344/Crj strain. Subsequently, F 1 mv/ϩ female rats were backcrossed with their mv/ϩ father; 13 mv/mv progeny for preliminary linkage analysis were obtained. Furthermore, we mated a male homozygous mv (mv/mv) and females of the ACI/N strain, then intercrossed the F 1 rats and produced 92 offspring for detailed mapping. Genomic DNA was extracted from the spleen of the animals, and 50 SSLP markers, evenly distributed over the whole rat genome, were used for the analysis of haplotype segregations. PCR procedures were performed with 35 cycles (denaturation at 94°C for 30 seconds, annealing at 55°C for 60 seconds, extension at 72°C for 45 seconds). Detailed methods for PCR amplification for SSLP markers were described previously (Serikawa et al, 1992) . PCR products were examined on 4% NuSieve agarose gels with ethidium bromide staining.
For the allelism test, matings between the proven mv heterozygous (mv/ϩ) and zi heterozygous (zi/ϩ) were conducted. Clinical behavior and histopathology in the CNS were checked in the F 1 rats.
To test the effect of the mv mutation on coat color, (F344 ϫ SD-mv/ϩ)F 1 (a/a, mv/ϩ, albino) were crossed to ACI/N (A/A, ϩ/ϩ) to introduce the mv allele into a nonalbino, agouti background; then intercross matings were conducted. The genotypes at the agouti locus were checked by a SSLP marker in intron 2 of rat agouti (5'-GGG AAA GAC CAT AGC TGC TA-3' and 5'-GGA GTT GGC AAC TGA AGA AC-3'). The genotypes at the mv locus were determined by both clinical behavior and SSLP markers cosegregated to the mv allele.
RNA Isolation and Northern Blotting
Total RNA was isolated from the brain of a 12-weekold rat by using ISOGEN (NIPPON GENE, Tokyo, Japan). Poly-A RNA was purified by using OligotexdT30 Super (Roche Diagnostics, Mannheim, Germany). Two micrograms of poly-A ϩ RNA was electrophoresed on formaldehyde-denaturing agarose gel and blotted onto Hybond Nϩ nylon membrane (Amersham Pharmacia Biotech, Buckinghamshire, England). The hybridization probe corresponded to exon 7 to 9 and was expected to detect both membrane-and secreted-type Atrn transcripts (Kuramoto et al, 2001 ).
Southern Blot Hybridization
Genomic DNA was extracted from the liver, and Southern blotting was performed according to the standard protocol (Sambrook and Russell, 2001 ). The filters were hybridized with the probe that corresponded to the region between 464 bp and 1176 bp from the donor site of intron 1.
Determination of Nucleotide Sequence Around Exon 1
From a PAC clone, 112F10, which spanned the entire Atrn gene (Kuramoto et al, 2001) , subclones that contained exon 1 or exon 2 were isolated. The subclones were directly sequenced using primers specific for the Atrn gene.
Statistics
For the morphometric analysis, the mean values were compared between mv and control rats using Student's grouped t test. Statistical significance was accepted at the 5% level.
